Recently, it has become clear that herpesviruses are unique among pathogenic virus families in that they express multiple virally-encoded microRNAs in latently and/or lytically infected cells. The large size of herpesvirus genomes, combined with the inability of most human herpesviruses to replicate in animals, has until recently limited our ability to examine the contribution of viral miRNAs to herpesvirus replication and pathogenesis in vivo. However, recent data, primarily obtained using model animal herpesviruses, suggest that viral miRNAs, while not required for lytic replication in culture, can nevertheless strongly enhance viral pathogenesis, including oncogenesis, in vivo and also promote the establishment of a reservoir of latently infected cells.
Introduction
Herpesviruses are a ubiquitous family of large nuclear DNA viruses represented by eight human members that can be further subdivided into the α-herpesviruses herpes simplex virus type 1 (HSV-1), HSV-2 and varicella zoster virus (VZV), the β-herpesviruses human cytomegalovirus (hCMV), human herpesvirus type 6 (HHV6) and HHV7, and finally, the two γ-herpesviruses Epstein-Barr virus (EBV) and Kaposi's sarcoma-associated herpesvirus (KSHV). A key characteristic of all herpesviruses is their ability to establish lifelong latent infections in their host species. During latency, no progeny virions are produced and viral gene expression is limited to non-coding RNAs (e.g., HSV-1) or a small subset of the viral proteins (e.g., EBV). Another emerging characteristic of herpesviruses, which distinguishes them from all other DNA and RNA virus families, is their ability to express substantial numbers of microRNAs (miRNAs) in latently and/or lytically infected cells. This review will focus on our emerging understanding of how these miRNAs contribute to herpesviral replication and pathogenesis.
MiRNAs are ∼22-nt regulatory RNAs that are initially transcribed in the nucleus, generally in the form of a long, capped, polyadenylated primary miRNA precursor, which then undergoes two sequential processing events to first generate the pre-miRNA hairpin intermediate and then the mature, single-stranded miRNA [1] . The function of miRNAs is to guide the RNA-induced silencing complex (RISC) to mRNA species bearing a region of complementarity to the miRNA. If this complementarity is extensive, RISC binding can result in endonucleolytic cleavage and degradation. If complementarity is partial (the key here is complementarity to nucleotides 2 through 8 of the miRNA, the so-called seed region), then RISC binding will induce inhibition of translation and some mRNA destabilization. Therefore, miRNAs primarily function as cytoplasmic, post-translational repressors of gene expression [1] .
The first viral miRNAs were discovered in 2004 in EBV [2] and we now know of at least 82 miRNAs encoded by human herpesviruses and many more expressed by animal herpesviruses (Table 1) . So far, the only herpesvirus that has not been found to encode miRNAs is VZV [3] . However, this study only looked at latently VZV infected cells and it remains possible that VZV expresses miRNAs during productive replication, as has been observed with some other herpesvirus species, including HSV-1 [4] .
Because of the importance of herpesviruses as human pathogens, research into the functions of herpesvirus miRNAs has naturally focused on the human representatives of this virus family. However, almost all human herpesviruses (the exceptions are HSV-1 and HSV-2) show a highly restricted species tropism, thus limiting our ability to define the in vivo phenotypic consequences seen upon loss of specific miRNAs in virus mutants. Moreover, for several human herpesviruses, analysis of viral phenotypes is also difficult in culture. For these reasons, and also because the targeted mutagenesis of herpesvirus genomes is somewhat cumbersome due to their large size, much of the research focusing on viral miRNAs has sought to identify specific mRNA targets for individual miRNAs using molecular or bioinformatic approaches and to then identify the phenotypic consequences that result from the downregulation of that mRNA target upon ectopic expression of the miRNA in question. In contrast, it is only very recently that studies have appeared that focus on the identification of phenotypes using viral mutants as a first step towards the identification of relevant mRNA targets. The former approach, which has been termed the "bottom-up approach" to understanding viral miRNA function [5] , has led to the identification of many potential mRNA targets for viral miRNAs. This research has recently been discussed in detail [5, 6] and will not be the focus of this review. Instead, I intend to focus on recent reports identifying the phenotypic consequences for viral replication or pathogenesis upon the inactivation of specific viral miRNAs, the "top-down approach" to understanding viral miRNA function.
Phenotypic consequences of viral miRNA inactivation in vivo
The first study designed to test whether virally encoded miRNAs affect viral replication potential in vivo focused on mouse cytomegalovirus (mCMV), which encodes 18 miRNAs that, unfortunately, have no significant homology to the 11 miRNAs encoded by hCMV [7] [8] [9] [10] . In this report, Dölken et al. [11] focused on two highly expressed mCMV miRNAs, miR-M23-2 and miR-m21-1, which were mutationally inactivated in an mCMV variant that was found to replicate normally in culture. However, when introduced into C57BL/6 mice, which efficiently control mCMV infection due to a robust NK cell response, and BALB/c mice, which are more susceptible to mCMV due to a weak NK cell response, different replication patterns were noted depending on which mouse breed and which tissue was analyzed. In both C57BL/6 and BALB/c mice, virus loads in the lung at 14 days postinfection were comparable for wild-type mCMV and the miRNA mutant. In contrast, in salivary glands, the mutant gave rise to virus loads that were ∼100-fold lower in C57BL/6 mice yet only ≤2-fold lower in BALB/c mice. Interestingly, this difference in titer in C57BL/6 mice could be alleviated by depletion of both NK cells and CD4+ T cells, but not by depletion of either cell type alone. The authors therefore proposed [11] that these miRNAs function to specifically inhibit immune detection and elimination of mCMV infected cells in the salivary glands, which play a key role in the transmission of mCMV.
A second recent manuscript looking at the role of viral miRNAs in vivo used as its model the transforming avian herpesvirus Marek's disease virus type 1 (MDV-1). Both MDV-1 and human KSHV express a viral miRNA that functions as an ortholog of miR-155, a conserved cellular miRNA that is highly expressed in activated lymphoid and myeloid cells and that is required for the rapid expansion of B and T cells after antigenic stimulation [12] [13] [14] [15] . miR-155 overexpression is associated with oncogenic transformation in humans, and ectopic overexpression of miR-155 in mouse B cells is sufficient to induce lymphomagenesis in vivo [16] . It is therefore striking that MDV-1 induces rapid onset T-cell lymphomas in infected chicks and that these transformed cells express high levels of the MDV-1 miR-155 ortholog, called miR-M4 [14, 15] . Remarkably, mutational inactivation of miR-M4 proved sufficient to block MDV-1-induced lymphomagenesis in vivo, even though MDV-1 replication in culture was unaffected [17] . Introduction of chicken miR-155 into the miR-M4-deleted MDV-1 virus at least partly restored transformation ability. This report provides the first demonstration that viral miRNAs can play a key role in enhancing the pathogenic potential of an oncogenic herpesvirus in vivo and has obvious implications for the potential importance of miR-K11, the miR-155 ortholog encoded by KSHV, in promoting oncogenesis by this human herpesvirus [12, 13] . Interestingly, although EBV does not encode a miR-155 ortholog, it does strongly induce cellular miR-155 expression after infection of primary B-cells in culture, and recent data demonstrate that blocking miR-155 function results in the cell cycle arrest and apoptotic death of B cells that have been transformed by EBV in vitro [18] .
HSV-2, the etiologic agent of genital herpes, encodes 18 viral pre-miRNAs of which at least 7 are expressed during latent infection of sensory neurons in vivo [4, 19] . Recently, Tang et al. [20] reported the phenotypic characterization of an HSV-2 mutant in which expression of one of these viral miRNAs, miR-H6, had been mutationally inhibited. Loss of this single miRNA did not affect either the establishment of HSV-2 latency or the viral load in vivo. However, this viral mutant caused significantly fewer neurological symptoms than wild-type HSV-2 in infected guinea pigs. A number of laboratories are currently generating HSV-1 and HSV-2 mutants lacking one or more viral miRNAs and it will be of interest to observe how the loss of these miRNAs affects viral replication and the establishment of latency in vivo.
A final study addressing the role of viral miRNAs in vivo is an older report that examined the replication of a spontaneous deletion mutant of mouse γ-herpesvirus 68 (MHV68) that had lost an ∼9.5-kb region of the MHV68 genome that encompasses all 15 pre-miRNAs encoded by this virus, as well as four open reading frames [7, 21, 22] . Strikingly, this mutant virus replicates as well as wild-type MHV68 in culture but, when introduced into mice, a more severe acute infection was observed, especially in the lungs. This correlated with an increased inflammatory response, which led to the more rapid clearance of the mutant virus. Once the acute infection had resolved, levels of latent virus infection were substantially lower for the mutant than for wild-type MHV68, although latently infected cells were still detectable. Although this study [22] , which actually appeared before the identification of the MHV68 miRNAs [7] , is difficult to interpret due to the concomitant deletion of four MHV68 open reading frames, it nevertheless clearly demonstrates that the MHV68 miRNAs are not essential for either lytic or latent infection. However, these miRNAs may well play a role in attenuating the host innate and/or adaptive immune response to MHV68 and may also promote the establishment of latent infections in vivo.
Phenotypic consequences of viral miRNA inactivation in vitro
Analysis of the effect of miRNAs on viral replication in culture is, in principle, easier than analysis in vivo as it is possible to block miRNA function not only by mutational inactivation but also by using antisense inhibition mediated by antagomirs or miRNA sponges [23, 24] . However, this task is made more difficult by the fact that many human herpesviruses are either difficult to culture in vitro or are unable to establish latent infections outside their normal host. A partial exception to this generalization arises in the case of EBV, which is not only able to establish latent infections in primary human B cells in culture but also transforms these cells into indefinitely proliferating lymphoblastoid cell lines (LCLs).
EBV encodes 25 pre-miRNAs in two clusters, the 3-miRNA BHRF1 cluster and the 22-miRNA BART cluster [2, 25, 26] . Deletion of all the BART miRNAs, which are primarily expressed in EBV-infected epithelial cells, has little or no effect on B-cell transformation by EBV in culture [27] . However, mutation of the 3 BHRF1 miRNAs induces a strong inhibitory effect. Specifically, EBV mutants lacking these three miRNAs show a >20-fold reduction in their ability to generate LCLs upon infection of B cells, and the few LCLs that do arise grow slowly, with more cells in G1, and also undergo more apoptosis [27, 28] . Interestingly, these cells also express substantially higher levels of the viral latent proteins. These are known to serve as targets for CTLs in vivo, so this may imply a greater susceptibility to immune elimination. Together, these studies [27, 28] provide the first evidence for a key role played by miRNAs encoded by a transforming human herpesvirus.
Another recent study implicating a virally encoded miRNA in cellular transformation focused on KSHV miR-K1 [29] . This miRNA targets mRNAs encoding the cyclindependent kinase inhibitor p21, a downstream target of the tumor suppressor p53. Inhibition of miR-K1 function in latently KSHV-infected human B cells enhanced cell cycle arrest after p53 activation, thus suggesting that miR-K1 is acting to promote the growth of KSHVtransformed cells. Another recent paper has implicated the hCMV-encoded miRNA miR-US25-1 in the regulation of cell cycle regulatory genes, in this case potentially leading to the accumulation of hCMV-infected cells at the G1/S boundary [30] , which may generate an intracellular environment conducive to efficient viral DNA replication. However, a mutant hCMV lacking miR-US25-1 replicated normally in vitro, thus leaving this issue unresolved at present.
Conclusions
Efforts to characterize the mRNA targets for herpesvirus-encoded miRNAs have tentatively identified at least three functional classes. These are cellular mRNAs involved in cell cycle regulation, cellular mRNAs involved in promoting host innate and adaptive immune responses, including apoptosis, and finally, viral mRNAs that encode factors which regulate the transition from latent to lytic replication [5, 6] (Fig. 1) . While these studies have been important and informative, the key question is how and by what mechanism virally-encoded miRNAs affect herpesvirus replication and pathogenesis in vivo. As discussed above, emerging data, obtained using viral mutants, suggest that herpesvirus miRNAs enhance viral pathogenesis, and possibly also viral latency, but are not essential for virus replication per se, at least in culture. Recent data demonstrating that antagomirs specific for the cellular miRNA miR-122, which serves as a critical host co-factor for hepatitis C virus (HCV) replication [31] , can be used to effectively inhibit miR-122 function and HCV replication in vivo in infected chimpanzees [24] raise the possibility that herpesviral miRNAs may also emerge as novel therapeutic targets. Moreover, if miRNAs are indeed essential for herpesvirus pathogenesis, then viral mutants lacking these miRNAs may have potential as attenuated vaccines [17] . In either case, it is clear that studying these virally encoded small regulatory RNAs is likely to reveal unexpected new insights into how herpesviruses are able to establish lifelong latent infections in their hosts. Schematic of the biological functions of virally-encoded microRNAs. See text for discussion.
